Abstract. BaTiO 3 (BT) nanoparticles were prepared by the hydrothermal technique using different starting materials and the microstructure examined by XRD, SEM, TEM and HRTEM. X-ray diffraction and electron diffraction patterns showed that the nanoparticles were the cubic BaTiO 3 phase. The BT nanoparticles prepared from the starting materials of as-prepared titanium hydroxide and barium hydroxide have spherical grain morphology, an average size of 65 nm and a fairly narrow size distribution. A uniform diffraction contrast across each single grain is observed in the TEM images, and the clear lattice fringes (with d 110 = 0.28 nm) observed in HRTEM images reveal that well-crystallized BT nanoparticles are synthesized by the hydrothermal method. The edges of the particles are very smooth, with no surface steps. BT nanoparticles with average grain size of 90 nm, synthesized using barium hydroxide and titanium dioxide as the starting materials, show surface facets. In this case a bimodal size distribution of large faceted and smaller particles is observed. Diffraction contrast variation across the particles caused by high strains within the particles is clearly observed. The high strains obviously stem from structural defects formed during hydrothermal synthesis, presumable in the form of lattice OH − ions and their compensation by cation vacancies.
Introduction
Barium titanate (BT) has good dielectric and ferroelectric properties, and is widely used in thermistors, multilayer ceramic capacitors (MLCs), and electro-optic devices. Recent developments in microelectronic and communication technology involve the miniaturization of MLCs. To achieve this and to make the next advance, high dielectric constant ceramic particles of better quality and small, uniform size are needed [1] . High permittivities and miniaturization can be achieved by controlling the microstructure, which depends on the homogeneity, composition, surface area and particle size of the starting powders. To manufacture reliable MLCs, high purity, agglomerate-free, highly crystalline and superfine ceramic are required [2] . Although the bulk properties of BT ceramics have been widely investigated, more recently there has been renewed interest in nano-scale particles of the material because the electrical properties are strongly dependent on the grain size and crystalline structure. Because tetragonal BaTiO 3 is used in ferroelectrics and cubic BT is used in capacitors a better understanding of the nanostructure of BT ultrafine particles of both phases is of interest as well as the correlation of properties with particle size.
Traditionally BT powders are produced by the mixed oxide route, which involves repeated [3] [4] [5] [6] such as sol-gel, coprecipitation, and hydrothermal methods. However, the products obtained by (co)precipitation or the sol-gel method are either amorphous or precursor compounds. Calcination at 800-1000°C, followed by milling, is usually required to form crystalline BT powders. Thus, powder quality is not significantly improved because the production process is similar to the solid-state reaction method. The hydrothermal method provides an alternative method to produce fine, high purity, highly crystalline oxide powders having a well-defined composition and narrow range of grain size with controlled characteristics, directly from aqueous solutions at relatively low temperatures (<300°C ). In the past there have been many investigations concerning the hydrothermal synthesis of nanocrystalline BaTiO 3 particles, generally focusing on the following aspects [6] [7] [8] [9] [10] : (1) optimization of preparation parameters (e.g. type of precursors, Ba/Ti ratio, reaction temperature and time, pH value, and so on), (2) understanding reaction kinetics and nanocrystal formation mechanisms of BT, (3) doping with other elements during the hydrothermal synthesis process, morphology control of BT powders and the sintering behavior of green bodies made from hydrothermally produced BT, (4) structural, microstructural, and chemical characterization. Hydrothermally produced BT nanopowders show a number of structural characteristics not seen in powders prepared by conventional solid-state reaction at high temperature. X-ray diffraction of hydrothermal BT powders, particularly those synthesized at lower temperatures, reveals a cubic structure that is normally only observed above the ferroelectric Curie temperature of 125∼130°C. The reasons for the appearance of the cubic structure and the non-ferroelectric properties of fine BT nanocrystals are not well understood, although some possible causes are discussed by Frey et al [11] . However, few detailed nanostructure analyses, at the atomic level, of BT nanopaticles prepared by the hydrothermal method have been reported. It is well known that the physical properties of BT nanoparticles are dependent on the microstructure, e.g., grain boundaries, point and extended defects, as well as surface morphology. It is considered important to investigate the microstructure of BT nanoparticles to obtain a better understanding of size effects on the physical properties. In this work, BT nanoparticles were prepared by the hydrothermal technique using different starting materials. Their microstructure, crystal structure, grain size and distribution, grain morphology, and microstructural defects, were studied by X-ray diffraction (XRD), scanning electron microscopy (SEM), and (high-resolution) transmission electron microscopy (HRTEM), and the results are presented and discussed.
Experimental Procedure
Two kinds of BaTiO 3 nanoparticles prepared by the hydrothermal technique using different starting materials were studied. Sample A consisted of BT nanoparticles was synthesized by a modified hydrothermal technique using the as-prepared titanium hydroxide and barium hydroxide as starting materials. These were mixed in the ratio Ba:Ti = 1:1 by stirring and reacted in an autoclave at 100°C for 5 h. After the reaction, the product was washed several times with organic acids and deionized water, and finally dried in an oven for 24 h at 85°C. Sample B was synthesized using barium hydroxide and titanium dioxide (TiO 2 , anatase) as starting materials under moderate conditions. KOH was used as an alkaline mineralizer, and the hydrothermal reaction was carried out in an oven at 220°C for three days. After cooling to room temperature, BT powders were obtained by filtration and washed with organic acids and water several times to remove the absorbed impurities, and finally oven dried at 80°C for 24 h.
The phase purity of the BT powders was studied by X-ray diffraction in a Philips X'Pert MRD four-circle diffractometer using CuKα radiation collected over a 2θ range of 20-80° with a scan step of 0.04°. Morphology and grain size were investigated by SEM and TEM. The TEM specimens were prepared by dispersing small amounts of BT powders in pure alcohol, mixing it in an ultrasonic generator, and placing a drop of the dispersion on a copper mesh covered with a 'holey' carbon film. Conventional TEM images were obtained from a Philips CM20 TEM operated at 200 kV, and HRTEM images from a JEOL 4010 high-resolution electron microscope operated at 400 kV.
Results and Discussion
Figure 1(a) shows the XRD pattern of sample A. The inset represents the enlarged pattern between 2θ = 44.0 and 46.0°. The XRD pattern fits well with the peak positions of the standard cubic phase BT. Furthermore, only a single diffraction peak at 2θ = 45.25° can be observed in the inset, i.e. no split of the {200} peaks around 2θ = 45° can be seen. This demonstrates that the BT nanocrystals prepared by the hydrothermal method at 100°C exhibit the characteristics of the cubic phase. This was confirmed by the following selected area electron diffraction patterns of the same sample. Similar X-ray diffraction patterns were also obtained from sample B, as shown in Fig.1 (b) . The inset shows that no peak separation of the (200) and (002) peaks around 2θ ≈ 45° can be observed. This indicates that the BT nanocrystals are of the cubic phase, which is confirmed by selected area electron diffraction patterns taken from the sample. Bright-field TEM images of samples A and B are shown in Fig.3 (a) and (b), respectively. The particles are found to be single crystals, which was additionally proven by high-resolution lattice images of individual particles. The electron diffraction patterns inserted in Fig.3 also show that the particles are cubic BaTiO 3 , the diffraction rings corresponding well to the cubic perovskite structure, which agrees with the XRD results. The average particle sizes, based on the SEM and TEM images, were 65 nm for sample A, and 90 nm for sample B. Fig.3 . Bright-field TEM images of (a) sample A, and (b) sample B. In Fig.3 (a) , the insets are a higher magnified TEM image and a selected area electron pattern, respectively.
A uniform diffraction contrast across the single grains in sample A is clearly observed in Fig.3 (a) , whereas the diffraction contrast across a single grain varies in sample B, as shown in Fig.3 (b) . This indicates that the grains in the sample B have a higher strains than those in sample A. (In a TEM image, large strains are indicated by contrast variation across a particle. If a particle is a single crystal and is strain free, it should be uniform in contrast. However, if the TEM image of a single crystal shows dark-bright variation in contrast, it is likely that the grain is highly strained). In these cubic BT nanocrystals, the distortion of the TiO 6 structure, resulting in a cubic-to-tetragonal phase transition when cooling the sample through the Curie temperature, has obviously not taken place. A possible reason is the size of the BT nanocrystals which are so small that the structural defects in the particles prevent the completion of the structural transition. This has created high strains in the nanocrystals which has caused some distortion of the cubic structure but it is obviously not sufficient to result in the formation of the tetragonal phase. It is well known that structural defects of BT nanoparticles form during hydrothermal synthesis primarily in the form of lattice OH − ions and their compensation by cation vacancies [6, 12] . Clark et al. observed that as-prepared BT powders contain many defects, primarily in the form of lattice OH − ions [6] . Shi et al. reported that stabilization of the cubic phase of BT prepared by the hydrothermal method is caused by surface defects including OH − defects and barium vacancies [12] . 
Solid State Phenomena Vol. 106surrounding edges of the particle are very smooth and no surface steps were oberved. Fig.4 (b) shows a surface profile HRTEM image of part of a 80nm BT grain in sample B. It is noticed that the surface facets are parallel to the (100) and (110) planes. Small islands of 3 ~ 4 atom layer thickness were frequently observed around the edge of the particle. The surface roughness of the grains in sample B is much higher than that in sample A. This may be caused by the high strains in the grains. The contrast variations across Fig.4 (b) are due to the thickness variations associated with the fine-scale surface facets and surface roughness.
Conclusions
Microstructure of BaTiO 3 nanoparticles prepared by the hydrothermal technique have been examined by XRD, SEM, TEM and HRTEM. XRD results indicated that the BT nanoparticles were of cubic phase, which was confirmed by electron diffraction. SEM and TEM images show that the BT nanoparticles prepared using the as-prepared titanium hydroxide and barium hydroxide as starting materials have a fairly narrow size distribution and a spherical grain morphology, with an average grain size of 65 nm. A uniform diffraction contrast across single grains was observed. Preliminary results show that well-crystallized BT nanoparticles are synthesized by the hydrothermal method. The surrounding edges of the particles are very smooth, no surface steps were observed. The BT nanoparticles synthesized using barium hydroxide and titanium dioxide as the starting materials have surface facets and a bimodal size distribution. The average grain size was measured to be 90 nm, and contrast variations across the particles were observed, indicating high strain caused by lattice defects. HRTEM images show that the surface facets were parallel to the (100) and (110) planes and small islands with 3 ~ 4 atomic layer thickness were frequently observed around the edge of the particle.
